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While there is evidence of nitric oxide (NO)-dependent signalling via the second messenger cyclic
guanosine 30,50-monophosphate (cGMP) in plants, guanylate cyclases (GCs), enzymes that catalyse
the formation of cGMP from guanosine 50-triphosphate (GTP) have until recently remained elusive
and none of the candidates identiﬁed to-date are NO-dependent. Using both a GC and heme-binding
domain speciﬁc (H-NOX) search motif, we have identiﬁed an Arabidopsis ﬂavin monooxygenase
(At1g62580) and shown electrochemically that it binds NO, has a higher afﬁnity for NO than for
O2 and that this molecule can generate cGMP from GTP in vitro in an NO-dependent manner.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction In higher plants, the ﬁrst GC was discovered using a searchIn higher plants, cyclic guanosine 30,50 monophosphate (cGMP)
functions as second messenger in many physiological processes
[1–9] including nitric oxide (NO)-dependent signalling [6,8], biotic
[5–7] and abiotic stress responses [2,4,10–12], NaCl and drought
stress [10–12], ozone [13] and pathogen challenge [5–7,14,15]. In
tobacco, cGMP is an essential downstream signalling molecule in
NO-mediated pathogen defence responses and is required for the
induction of defence-related genes such as phenylalanine ammo-
nia lyase (PAL) as well as for the activation of PAL enzyme activity
[6] which generates precursors for phenylpropanoid and thus sal-
icylic acid (SA) biosynthesis [16]. It has also been shown that both
the virulent and avirulent strains of Pseudomonas syringae induce
an increase in plant endogenous cGMP generation, with the avrB
strain inducing a more rapid and bigger response [15].chemical Societies. Published by E
hosphate; GTP, guanosine 50
tammetrymotif strategy based on conserved and functionally assigned amino
acid residues in the catalytic centre of eukaryotic GCs [17]. Site
directed mutagenesis has since lead to the discovery of additional
GCs [7,18]. However, none of these GCs have been shown to be NO-
dependent or indeed to contain a heme-binding site.
With a view to discover NO-dependent GCs in plants, we have
used both a GC searchmotif as well as amotif that we deduced from
the heme-NO and oxygen-binding (H-NOX) domains [19] to iden-
tify a candidate protein that binds NO. The identiﬁed protein binds
NO with higher afﬁnity than O2 and generates cGMP from guano-
sine 50 triphosphate (GTP) in an NO-dependent manner in vitro.
2. Materials and methods
2.1. Cloning and expression of AtNOGC1
Total RNA from Arabidopsis seedlings was extracted with
RNeasy Plant Mini Kit (Qiagen GmbH, Germany) and 200 ng was
used for ﬁrst strand cDNA synthesis (reverse primer: 50-gct agalsevier B.V. All rights reserved.
Fig. 1. Sequence of the Arabidopsis thaliana NO-binding protein (AtNOGC1). The H-
NOX (H-x{12}-P-x{14,16}-Y-x-S-x-R) motif (curly brackets indicate the gap sizes) is
highlighted in blue and the GC catalytic centre is highlighted in red. The putative
metal-binding residues are highlighted in aquamarine. The black arrow points to
the PPi-binding residue and the green arrows indicate exon boarders.
Fig. 2. Cyclic voltammogram showing the response of an AtNOGC1 in phosphate
buffer in the presence or absence of O2. For the anaerobic conditions (black), the
oxygen in the buffer was purged with argon (ﬂow rate of 10 l/min). Under aerobic
conditions, the buffer was equilibrated with air to achieve maximum O2 saturation
(red). The scan shows a reduction peak (corresponding to the binding of oxygen) as
the voltage applied to the system reaches about 0.5 V, and no species were
oxidised in the reverse scan. The potential ranged from +0.15 to 0.8 V and the scan
rate was 2 mV s1. Inset: SDS–PAGE gel showing the recombinant AtNOGC1 protein
(67.7 kDa) used as bio-sensor.
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(Qiagen GmbH, Germany). The AtNOGC1 gene was PCR-ampliﬁed
using the forward primer (50-gat gga tcc atg gta cca gca gta aat
cct-30) and the reverse primer and cloned into pETSUMO vector
(Invitrogen).
AtNOGC1 was expressed in BL21 Star (pLysS) Escherichia coli
cells (Invitrogen, Carlsbad, USA) and was puriﬁed as a His-tagged
SUMO-fusion using a Ni-NTA afﬁnity chromatography (Sigma–
Aldrich, St. Louis, MO, USA).
2.2. Electrochemical procedures and apparatus
Electrochemical experiments were carried out at 25 C using a
BAS Epsilon electrochemical workstation (BioAnalytical Systems,
West Lafayette, IN) and voltammograms were recorded with a
computer interfaced to the workstation. A 0.071 cm2 glassy carbon
electrode (GCE) (BioAnalytical Systems, West Lafayette, IN, USA)
was used as the working electrode, Ag/AgCl with a 3 M NaCl salt
bridge electrode served as reference and a platinum wire as the
auxiliary electrode in a 20 mL cell. For anaerobic conditions, solu-
tions were purged with argon for 20 min and maintained under
an argon blanket. The GCE was polished with 1.0, 0.3 and
0.05 lm alumina (Buehler, IL, USA) and washed with distilled
water before ultrasonication for 5 min in distilled water and
5 min in ethanol. The GCE was dried in a stream of N2 for 10 s
before drop coating with protein.
2.3. Preparation of AtNOGC1 bioelectrode and voltammetric
measurements
The bioelectrode was prepared by immobilizing an AtNOGC1-
didodecyldimethylammonium bromide (DDAB)-BSA ﬁlm on the
polished GCE using a method described previously [20]. NO was
generated from copper granules and 5 M HNO3 [21,22] and
voltammetric experiments were performed in phosphate buffer
(50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, pH 8.0).
Voltammograms were recorded in the presence and absence of
substrate at a potential scan rate of 2 mV s1 from initial potential,
Ei = +300 mV to a switch potential, Ek = 800 mV (for O2-contain-
ing experiments) or 500 mV (for experiments containing only
NO). Amplitude of 25 mV and a frequency of 15 mV were used
for square wave voltammetry.
2.4. Guanylate cyclase activity assays
GC activity was assessed in vitro as detailed previously [18]
using an immunoassay kit following the acetylation protocol as
described in the supplier’s manual (Sigma–Aldrich, Saint Louis,
Missouri; code CG-201). All methods are more extensively detailed
in a Supplementary ﬁle.
3. Results and discussion
3.1. Identiﬁcation of AtNOGC1
Searching for H-NOX domains in Arabidopsis, we have identi-
ﬁed a candidate protein with a conserved heme-binding motif
(Hx{12}Px{14,16}YxSxR) that is annotated as ﬂavin-dependent
monooxygenase (AtNOGC1; At1g62580) (Fig. 1) and also contains
the 14 amino acid catalytic centre found in experimentally tested
plant GCs [7,17,18].
Assessment of O2-binding by AtNOGC1 with our bioelectrode
using cyclic voltammetry showed a cathodic response with a
cathodic peak potential (Epc) value of 500 mV under aerobic con-
ditions (Fig. 2), indicating catalytic coupling of the reduction of Fe3+to the oxygenation of Fe2+. The cathodic peak current (2.2 lA)
under aerobic conditions is larger by three orders of magnitude
than that under anaerobic conditions (0.005 lA). During the catho-
dic scan, Fe2+ was generated and used up in a fast follow-up
oxygenation reaction making it unavailable for re-oxidation during
the anodic scan. The peak potential (Ep) for the binding of oxygen
to the protein occurs at 500 mV while the AtNOGC1-FeIII/II reduc-
tion process occurs at 140 mV. Large shifts to higher reduction
potential under aerobic conditions mean that the monooxygen-
ation is a catalytic redox process involving several reaction steps
and the irreversible cyclic voltammograms suggest binding of
molecular oxygen to the Fe2+-heme redox centre.
Further, we investigated the responses of the bioelectrode in the
absence and presence of NO. In the absence of NO, anodic and
Fig. 3. Electrochemical characterisation of AtNOGC1 in phosphate buffer. (a) Cyclic
voltammogram of AtNOGC1 obtained in 3 mL phosphate buffer (50 mM NaH2PO4,
300 mM NaCl, 250 mM imidazole, pH 8.0) in the presence of 0 mL (black), 0.5 mL
(red), 1.0 mL (green), 1.5 mL (blue), 2.0 mL (cyan), 2.5 mL (magenta) and 3.0 mL NO
(yellow). The potential window was +0.3 to 0.5 V and the scan rate was 2 mV s1.
Scans show an increase in the reduction peak with an increase in NO concentration
as the voltage reaches 0.14 V. The oxidation peak increases slightly at 0.08 V and
ceased with increasing NO concentration. (b) Square wave voltammogram showing
the response of AtNOGC1 in 3 mL phosphate buffer (pH 8.0) in the presence of 0 mL
(black), 0.5 mL (red), 1 mL (green), 1.5 mL (blue), 2 mL (cyan), 2.5 mL (magenta) and
3 mL (yellow) of NO. The potential window was +0.3 to 0.5 V and the scan rate
was 2 mV s1. The scan shows two peaks at 0.1 and 0.5 V, corresponding to NO
and O2 binding, respectively.
Fig. 4. Cyclic voltammograms of an AtNOGC1 responding to O2 and NO. (a)
AtNOGC1 in anaerobic phosphate buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM
imidazole, pH 8.0) purged with argon (black) or buffer equilibrated with air (red) or
buffer containing 500 lL of NO (green). Addition of NO in buffer equilibrated with
air resulted in two cathodic peaks at 0.14 and at 0.5 V, characteristic of NO and
O2, respectively (green). (b) AtNOGC1 in buffer aerated with O2 (red), degassed with
argon (black), buffer with NO only (blue) and buffer with NO equilibrated with O2
(green). The blue scan shows two peaks at 0.14 and at 0.5 V, characteristic of the
response to NO and O2, respectively. The potential window was +0.15 to 0.8 V and
the scan rate was 2 mV s1.
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of 80 and 140 mV (Fig. 3a). The Ep values can be assigned to the
oxidation (FeII/FeIII Epa = 80 mV) and reduction (FeII/FeIII Epc =
140 mV) of the AtNOGC1-heme group. The separation of the re-
dox peak potential (DEp = |Epc|  |Epa|) value of 60 mV is diagnostic
for a one electron transfer in an immobilized electroactive system
[23] and the results show that AtNOGC1 is electroactive and con-
tains a redox couple (heme-Fe3+/2+).
Addition of NO increases cathodic and anodic peak currents
(Fig. 3a) with the Epc value reaching 140 mV as the concentration
of NO increased. The anodic peak increased only slightly with the
ﬁrst two additions of NO before leveling. This anodic peak charac-
teristic at low NO concentrations is likely due to the oxidation of
unbound heme-Fe2+ sites and its magnitude can be used to quan-
tify available heme-Fe2+ sites. Epa values also shift anodically as
NO concentrations increase, showing that the NO-bound heme-
protein (AtNOGC1-FeII-NO) requires a higher potential to oxidise
than the NO-free protein (AtNOGC1-FeII). No redox peaks were
observed in the cyclic voltammetry of NO neither on bare GCEnor GCE modiﬁed with DDAB-BSA ﬁlms (results not shown), prov-
ing that the peaks are due solely to the electrochemistry of
AtNOGC1-heme-Fe3+/2+ and its interaction with NO.
We applied square wave voltammetry (SWV) to study the
responses of AtNOGC1 to different NO concentrations. The peak
potential represents the redox potential relative to the Ag/AgCl ref-
erence electrode (formal potential, E00) of the redox species. Catho-
dic responses of the bioelectrode to NO at 25 mV amplitude and a
frequency of 15 mV were obtained (Fig. 3b) and show two promi-
nent SWV peaks at 100 mV and 500 mV corresponding to the
E00 values for the binding of NO and O2, respectively. The occur-
rence of the second SWV response peak corresponding to O2 is
due to small amounts of dissolved oxygen in the ‘degassed’ buffer
solution bound to AtNOGC1-Fe2+ species on the electrode. There-
fore, these results conﬁrm the cathodic responses obtained with
cyclic voltammetry (Fig. 3a).
We also investigated the afﬁnity of NO and O2 to the heme
active site (Fig. 4a). Fig. 4a shows the voltammograms of the oxy-
gen-saturated system in the presence and absence of NO. The two
voltammograms are shown together with voltammograms under
anaerobic conditions. The inception of the cathodic current in the
voltammograms of oxygen-saturated solution is at 180 mV,
reaching a peak at 500 mV. However, when NO was added to
Fig. 5. In vitro guanylate cyclase activity of AtNOGC1. (a) Recombinant protein
(10 lg) was incubated for 20 min at room temperature (24 C) in 50 mM Tris (pH
8.0) with 1 mM GTP, 5 mM MgCl2 or MnCl2 and in the presence or absence of NO.
Generation of cGMP was determined by enzyme immunoassay. (b) Time course of
cGMP generation from 10 lg recombinant protein in the presence of 5 mM MnCl2.
Experiments were carried out in triplicate and the error bars represent SE of the
means (n = 3).
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peak at 200 mV, and the peak current dropped by 50%. The
decrease in the potential at which the cathodic process started
shows that NO has higher afﬁnity for AtNOGC1-Fe3+/2+ than
oxygen, since the lower electrode potential value means that lower
activation energy is required for the processes involving NO com-
pared to that with O2 alone.
Cyclic voltammograms were also recorded in the presence of
O2, in degassed buffer, in NO buffer and in NO buffer exposed to
air (Fig. 4b). In the presence of O2 a cathodic peak current was
observed at 500 mV but it disappeared after degassing with ar-
gon. Then a cathodic peak was formed at 140 mV in response
to the addition of NO. However, when the NO-containing buffer
was saturated with air, the voltammetric wave at 140 mV
remained the same with no increase in the O2 peak at 500 mV
(Fig. 4b). The voltammograms obtained for NO-saturated solution,
with or without O2, show that NO binds to AtNOGC1-Fe3+ in its
resting state (i.e., with Fe in +3 state). The cyclic voltammograms
of systems that were initially saturated with NO indicate the occur-
rence of reversible electrochemistry corresponding to the process
AtNOGC1-Fe3þ-NOþ e¡AtNOGC1-Fe2þ-NO. This shows that
under anaerobic conditions NO binds to the protein in its resting
state (AtNOGC1-Fe3+) and NO still remains bound to the protein
in its reduced state (AtNOGC1-Fe2+). On the contrary, starting with
O2-saturated protein gives irreversible electrochemistry as shown
in the voltammograms in Fig. 4a and b for oxygen-saturated
systems. This means that the heme Fe undergoes an electron trans-
fer reaction ðAtNOGC1-Fe3þ þ e¡AtNOGC1-Fe2þÞ that is followed
by oxygenation reaction ðAtNOGC1-Fe2þ þ O2¡AtNOGC1-Fe2þ-O2Þ
and other follow-up processes involving the formation of oxo-fer-
ryl intermediates, which make the Fe2+ unavailable for the reverse
process. The addition of NO to this system that was initially satu-
rated with O2 gives a voltammetric response that depicts irrevers-
ible electrochemistry (Fig. 4a). This means that in the O2-saturated
system NO binds only to the reduced form of the protein by
displacing O2. In other words the electron transfer (reduction)
reaction ðAtNOGC1-Fe3þ þ e¡AtNOGC1-Fe2þÞ is coupled to the
oxygenation reaction ðAtNOGC1-Fe2þ þ O2¡AtNOGC1-Fe2þ -O2Þ
and followed by the displacement of O2 by NO (AtNOGC1-Fe2+-
O2 + NO? AtNOGC1-Fe2+-NO + O2). The preferential binding of At-
NOGC1-Fe2+ to NO is conﬁrmed by the lower electrode potential
value of +50 mV at which the process initiates compared to
180 mV for O2 as shown in Fig. 4a.We therefore conclude that (i) NO and O2 have the same binding
site, the heme-Fe3+/2+ (ferri-heme/ferro-heme), on the AtNOGC1
protein; (ii) NO binds to the ferri-heme (resting state) and ferro-
heme (reduced state) while O2 binds preferentially to ferro-heme;
(iii) NO has a higher afﬁnity for the AtNOGC1 heme site than O2.
We have predicted GC activity of the AtNOGC1 and indeed con-
ﬁrm it in vitro (Fig. 5). The recombinant protein shows preference
for Mn2+ than Mg2+ as cofactor for enzymatic activity, and sub-
strate speciﬁcity for GTP rather than ATP (not shown). In addition,
GC activity is NO-dependent, making it probable that AtNOGC1 has
a signalling function in the cell. We have also inspected microarray
data of transcriptional activation [24] of the AtNOGC1 and noted
signiﬁcant elevation of transcript levels during NO3 starvation,
which together with its role in NO-binding may suggest a role
for AtNOGC1 in nitrogen metabolism.
Acknowledgement
This work was supported by the South African National
Research Foundation.Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.febslet.2011.07.023.
References
[1] Bastian, R., Dawe, A., Meier, S., Ludidi, N., Bajic, V.B. and Gehring, C. (2010)
Gibberellic acid and cGMP-dependent transcriptional regulation in Arabidopsis
thaliana. Plant Signal. Behav. 5, 224–232.
[2] Martinez-Atienza, J., Van Ingelgem, C., Roef, L. and Maathuis, F.J. (2007) Plant
cyclic nucleotide signalling: facts and ﬁction. Plant Signal. Behav. 2, 540–543.
[3] Szmidt-Jaworska, A., Jaworski, K. and Kopcewicz, J. (2008) Involvement of
cyclic GMP in phytochrome-controlled ﬂowering of Pharbitis nil. J. Plant
Physiol. 165, 858–867.
[4] Maathuis, F.J. (2006) CGMP modulates gene transcription and cation transport
in Arabidopsis roots. Plant J. 45, 700–711.
[5] Ma, W., Smigel, A., Verma, R. and Berkowitz, G.A. (2009) Cyclic nucleotide
gated channels and related signaling components in plant innate immunity.
Plant Signal. Behav. 4, 277–282.
[6] Durner, J., Wendehenne, D. and Klessig, D.F. (1998) Defense gene induction in
tobacco by nitric oxide, cyclic GMP, and cyclic ADP-ribose. Proc. Natl. Acad. Sci.
USA 95, 10328–10333.
[7] Meier, S., Ruzvidzo, O., Morse, M., Donaldson, L., Kwezi, L. and Gehring, C.
(2010) The Arabidopsis wall associated kinase-like 10 gene encodes a
functional guanylyl cyclase and is co-expressed with pathogen defense
related genes. PLoS One 5, e8904.
[8] Moreau, M., Lindermayr, C., Durner, J. and Klessig, D.F. (2010) NO synthesis
and signaling in plants – where do we stand? Physiol. Plant 138, 372–383.
[9] Prado, A.M., Porterﬁeld, D.M. and Feijó, J.A. (2004) Nitric oxide is involved in
growth regulation and re-orientation of pollen tubes. Development 131, 2707–
2714.
[10] Donaldson, L., Ludidi, N., Knight, M.R., Gehring, C. and Denby, K. (2004) Salt
and osmotic stress cause rapid increases in Arabidopsis thaliana cGMP levels.
FEBS Lett. 569, 317–320.
[11] Essah, P.A., Davenport, R. and Tester, M. (2003) Sodium inﬂux and
accumulation in Arabidopsis. Plant Physiol. 133, 307–318.
[12] Maathuis, F.J. and Sanders, D. (2001) Sodium uptake in Arabidopsis roots is
regulated by cyclic nucleotides. Plant Physiol. 127, 1617–1625.
[13] Ederli, L., Meier, S., Borgogni, A., Reale, L., Ferranti, F., Gehring, C. and
Pasqualini, S. (2008) CGMP in ozone and NO dependent responses. Plant
Signal. Behav. 3, 36–37.
[14] Balagué, C., Lin, B., Alcon, C., Flottes, G., Malmström, S., Köhler, C., Neuhaus, G.,
Pelletier, G., Gaymard, F. and Roby, D. (2003) HLM1, an essential signaling
component in the hypersensitive response, is a member of the cyclic
nucleotide-gated channel ion channel family. Plant Cell 15, 365–379.
[15] Meier, S.K., Madeo, L., Ederli, L., Donaldson, L., Pasqualini, S., et al. (2009)
Deciphering cGMP signatures and cGMP-dependent pathways in plant
defense. Plant Signal. Behav. 4, 307–309.
[16] Chen, Z., Zheng, Z., Huang, J., Lai, Z. and Fan, B. (2009) Biosynthesis of salicylic
acid in plants. Plant Signal. Behav. 4, 493–496.
[17] Ludidi, N. and Gehring, C. (2003) Identiﬁcation of a novel protein with
guanylyl cyclase activity in Arabidopsis thaliana. J. Biol. Chem. 278, 6490–6494.
[18] Kwezi, L., Meier, S., Mungur, L., Ruzvidzo, O., Irving, H. and Gehring, C. (2007)
The Arabidopsis thaliana brassinosteroid receptor (AtBRI1) contains a domain
that functions as a guanylyl cyclase in vitro. PLoS One 5, e449.
T. Mulaudzi et al. / FEBS Letters 585 (2011) 2693–2697 2697[19] Boon, E.M., Huang, S.H. and Marletta, M.A. (2005) A molecular basis for NO
selectivity in soluble guanylyl cyclase. Nat. Chem. Biol. 1, 53–59.
[20] Iwuoha, E.I., Joseph, S., Zhang, Z., Smyth, M.R., Fuhr, U. and Ortiz-de
Montellano, P.R. (1998) Drug metabolism biosensors: electrochemical
reactivities of cytochrome P450cam immobilised in synthetic vesicular
systems J. Pharm. Biomed. Anal. 17, 1101–1110.
[21] Kosminsky, L., Mori, V. and Mauro Bertotti, M. (2001) Electrochemical studies
on the oxidation of nitric oxide (NO) at glassy carbon electrodes modiﬁed by
molybdenum oxides. J. Electroanal. Chem. 499, 176–181.[22] Bertotti, M., Mori, V., Zanichelli, P., Toledo, J.C. and Wagner-Franco, D. (2005)
Electrochemical and spectrophotometric methods for evaluation of NO
dissociation rate constants from nitrosyl metal complexes activated through
reduction. Methods Enzymol. 396, 45–53.
[23] Bard, A.J. and Faulkner, L.R. (1980). Electrochemical Methods, Fundamentals
and Applications, Wiley, New York.
[24] Zimmermann, P., Hennig, L. and Gruissem, W. (2005) Gene-expression
analysis and network discovery using Genevestigator. Trends Plant Sci. 10,
407–409.
